Abstract: Polyploidization is one of the major driving forces in plant evolution and is extremely relevant to speciation and diversity creation. Polyploidization leads to a myriad of genetic and epigenetic alterations that ultimately generate plants and species with increased genome plasticity. Polyploids are the result of the fusion of two or more genomes into the same nucleus and can be classified as allopolyploids (different genomes) or autopolyploids (same genome). Triticeae synthetic allopolyploid species are excellent models to study polyploids evolution, particularly the wheat-rye hybrid triticale, which includes various ploidy levels and genome combinations. In this review, we reanalyze data concerning genomic analysis of octoploid and hexaploid triticale and different synthetic wheat hybrids, in comparison with other polyploid species. This analysis reveals high levels of genomic restructuring events in triticale and wheat hybrids, namely major parental band disappearance and the appearance of novel bands. Furthermore, the data shows that restructuring depends on parental genomes, ploidy level, and sequence type (repetitive, low copy, and (or) coding); is markedly different after wide hybridization or genome doubling; and affects preferentially the larger parental genome. The shared role of genetic and epigenetic modifications in parental genome size homogenization, diploidization establishment, and stabilization of polyploid species is discussed.
Introduction
Polyploidy is a major mode of evolution in plants, which involves two or more genomes being joined into the same nucleus. It has been estimated that 30%-70% of plant species are of polyploid origin, an assessment that is approaching 100% if paleopolyploids are included (Wendel 2000; Wolfe 2001 ). Polyploids are classified into autopolyploids and allopolyploids based on the origin of the component genomes and can be represented by many different ploidy levels. An autopolyploid results from the doubling of a diploid genome, and an allopolyploid is formed by the combination of two or more different, but usually related, genomes through hybridization between distinct species or genera. Gene redundancy in polyploids is obvious and leads to new expression patterns, which can generate developmental novelty and the appearance of new phenotypes, producing species with a higher degree of genome plasticity when compared with their progenitors (Chen 2007) . Furthermore, the loss of self-incompatibility, gain of asexual reproduction, and higher levels of heterozygosity can be fixed in allopolyploids (Comai 2005) . These modifications can increase fitness, which may explain the widespread occurrence of polyploids in plants.
Newly synthesized polyploids, with precise known progenitors, are excellent materials to study the emergence of early and late evolutionary genetic and epigenetic events. This approach has been widely applied in many species, such as wheat (Triticum spp.), Arabidopsis, Brassica, cotton (Gossypium spp.), and triticale (Â Triticosecale) (Dong et al. 2005; Liu et al. 2001; Ma et al. 2004; Ma and Gustafson 2006; Madlung et al. 2005; Ozkan et al. 2001; Salmon et al. 2005) . In synthesized polyploids, genetic and (or) epigenetic changes were observed, although their rate, type, and degree are markedly different between distinct polyploids (Chen 2007; Ma and Gustafson 2008) . Allopolyploid genomes experience two different phases: a revolutionary phase, occurring immediately after hybridization that is responsible for rapid genetic and epigenetic changes; and an evolutionary phase that corresponds to long-term events, such as slow changes in DNA sequences and functional alterations over time (Feldman and Levy 2005; Levy and Feldman 2002) .
Triticale, the first synthesized amphidiploid cereal, is a chromosome-doubled intergeneric hybrid that can be obtained by the cross of distinct wheat species (Triticum spp., AA, AABB, and AABBDD) and rye (Secale cereale L., RR), producing various genome combinations and ploidy levels, such as tetraploid AARR, hexaploid AABBRR, and octoploid AABBDDRR. When compared with other allopolyploids, triticale is a very complex genome because of its high ploidy level, large genome size, and the distant relationships between parental genomes. However, because of its short history and accumulated pedigree knowledge, it becomes a very useful model species to study evolutive processes mediated by polyploidization. Synthetic allotetrapolyploids involving Aegilops spp. and Triticum spp. have also been analyzed in comparison with their parental species in an attempt to simulate natural wheat allopolyploids. The aims of this review are to summarize findings obtained so far in Triticeae polyploid species and compare results with other allopolypoid species.
Polyploid genomic analysis
Overall, genomic sequence changes have been extensively studied in Triticeae polyploids involving different octoploid and hexaploid triticales, the corresponding F 1 hybrids, and their respective parental genomes to assess polyploidizationinduced genome readjustments using molecular marker tech- Table 1 . Summary of the genomic alterations detected in triticale using distinct methodologies of genomic analysis. a AFLP results are a compilation of the results published by Ma et al. (2004) and Ma and Gustafson (2006) .
b
RFLP results are presented in Ma et al. (2004) .
c IRAP-REMAP-ISSR results are presented in Bento et al. (2008). niques, such as amplified fragment length polymorphism (AFLP) and restriction fragment length polymorphism (RFLP) analysis (Ma et al. 2004; Ma and Gustafson 2006) . AFLP analysis was used to study different synthetic wheat allotetraploids between Aegilops spp. and Triticum spp., F 1 hybrids, and their homozygous diploid parents (Dong et al. 2005; Shaked et al. 2001 ). Large-scale AFLP studies were implemented to obtain an unbiased genome-wide estimation of the occurrence of genomic sequence variation using different restriction enzymes, namely EcoRI-MseI primers, which amplify repetitive sequences (Dong et al. 2005; Ma et al. 2004; Ma and Gustafson 2006; Shaked et al. 2001) and PstI-MseI primers, which predominantly target lowcopy sequences most present in distal gene-rich regions, as PstI is highly sensitive to the cytosine status (Milla and Gustafson 2001; Young et al. 1999 ). Furthermore, coding sequence variation induced by polyploidization in Triticeae was investigated using cDNA-probed RFLP analyses (Ma et al. 2004) .
Utilizing a wide series of primer combinations, octoploid triticale amphidiploids and their wheat and rye parental genomes were analyzed using inter-retrotransposon amplified polymorphism (IRAP), retrotransposon-microsatellite amplified polymorphism (REMAP), and inter-simple sequence repeat (ISSR) techniques (Bento et al. 2008) . IRAP, REMAP, and ISSR are PCR-based molecular marker techniques initially designed to identify different barley (Hordeum vulgare L.) cultivars (Kalendar et al. 1999 ) combining primers designed for long terminal repeat (LTR) retrotransposons, which have a very important role in genome evolution and speciation owing to their dynamics and potential mobility (Vitte and Panaud 2005) , and (or) microsatellites, which constitute polymorphic loci present throughout nuclear DNA, preferentially associated with retrotransposons in cereals (Ramsay et al. 1999) . Primers designed to evaluate LTRs point outwards and amplify retrotransposon-flanking sequences, thus allowing for the detection of retrotransposon insertional polymorphisms (Kalendar and Schulman 2006) .
Recently, a more specific molecular marker system involving single sequence repeat (SSR), originally designed to study unique sequences containing microsatellites in the wheat genome (Röder et al. 1998) , was used to study variation induced by polyploidization in triticale with different combinations of wheat and rye parents (Tang et al. 2008) .
The above molecular marker systems were crucial to disclosing genomic modifications induced by polyploidization, allowing the detection of extensive changes accessed by alterations in banding profiles. AFLP and RFLP analyses allowed for a genome-wide range evaluation offering the possibility to differentiate between genome euchromatic and heterochromatic fractions. Whereas, IRAP, REMAP, and ISSR, which are unaffected by DNA methylation (Kalendar and Schulman 2006) and specific for repetitive motifs such as retrotransposons (Vitte and Panaud 2005) , allowed for the detection of rearrangements involving both repetitive and coding sequences (Bento et al. 2008 ).
Genome rearrangement events revealed by band losses
The results obtained by the analysis of triticale polyploids were re-evaluated and have been summarized in Table 1 , and clearly disclosed the high level of genome restructuring events associated with polyploid establishment (Bento et al. Note: W, wheat; R, rye (2n = 2x); CS, 'Chinese Spring' (2n = 6x); I, 'Imperial'; H, 'Holdfast' (2n = 6x); K, 'King II'; C, 'Cocorit 71' (2n = 4x); S, 'Snoopy'; U, 'UC90'. Percentages were calculated separately for each parent and shared bands are not taken into consideration (results for eliminated shared bands are not shown). % elimination = (specific type of parental bands eliminated)/(total of specific type of parental bands detected) Â 100.
a AFLP results are a compilation of the results published by Ma et al. (2004) and Ma and Gustafson (2006) . b RFLP results are presented in Ma et al. (2004) . c IRAP-REMAP-ISSR results are presented in Bento et al. (2008) . Note: As, Ae. sharonensis (2n = 2x); Au, Ae. umbellulata (2n = 2x); Al, Ae. longissima (2n = 2x); Tu, T. urartu (2n = 2x); Tt, T. turgidum (2n = 4x); At, Ae. tauschii (2n = 2x).
2008; Kashkush et al. 2002; Ma et al. 2004; Ma and Gustafson 2006; Tang et al. 2008) . Although there are several studies regarding the evaluation of genomic restructuring events in Triticeae hybrids, besides the studies of Dong et al. (2005) and Shaked et al. (2001) (reviewed in Table 2 ), none discriminate for levels of parental-specific alterations (Feldman et al. 1997; Kashkush et al. 2002; Ozkan et al. 2001; Ozkan et al. 2003; Tang et al. 2008) . The data analysis is based on the comparison between parental lines and polyploid gel profiles. Thus, all the bands present in parental gel profiles are considered parental bands and shared bands are the ones present in both parental lines. Conserved bands are bands present in parental profiles and maintained in the polyploid profile, whereas absent bands are bands present in the parental profiles that are missing in the polyploid, indicating the occurrence of a rearrangement event in the polyploid. On the other hand, novel bands are the ones that are present in the newly formed polyploid and absent in parental gel profiles, indicating the occurrence of genome rearrangements. The overall examination of the published results reveal that the variation detected in triticale is significantly higher than that observed in other synthetic polyploids, namely wheat species complexes and Brassica (Song et al. 1995) . Such marked differences in polyploid behavior could be due to triticale being of intergeneric origin that may have lead to additional enhanced modifications to parental genomes, thus stabilizing the newly formed polyploid. This hypothesis is reinforced by studies in natural and newly synthesized wheat interspecific polyploids, which suggest lower levels of parental genome restructuring in comparison with triticale (Dong et al. 2005; Feldman et al. 1997; Liu et al. 1998; Ozkan et al. 2001) . Similarly, genetic distance is very important when analyzing hybrids within the same genus; for example, crosses between Brassica rapa and Brassica nigra revealed a higher genome variation than the crosses between the more closely related species B. rapa and Brassica oleracea (Song et al. 1995) . The same was observed in hybrids among members of the Triticeae where an interspecific cross between Aegilops sharonensis and Aegilops umbellulata revealed lower variation (6.7%) than an intergeneric cross between Aegilops longissima and Triticum urartu (11.8%) (Shaked et al. 2001) or Triticum turgidum and Aegilops tauschii (17.2%) (Dong et al. 2005) .
The rearrangements detected in triticale by AFLP-RFLP and IRAP-REMAP-ISSR analysis (Bento et al. 2008; Ma et al. 2004; Ma and Gustafson 2006; Tang et al. 2008 ) established the disappearance of bands from both parental origins and the emergence of novel bands absent in the progenitor's banding profiles. The appearance of novel bands was also described in Brassica polyploids (Song et al. 1995) . Not surprisingly, the triticale genome analyses clearly demonstrated that the disappearance of parental bands was much more frequent than the appearance of novel bands. The percentage of band disappearance (Table 1) varied between 36.5% (detected by AFLP) and 21.1% (detected by IRAP-REMAP-ISSR), whereas the appearance of novel bands was 9.8% (detected by AFLP), 9.2% (detected by RFLP), and 4.2% (detected by IRAP-REMAP-ISSR) (Bento et al. 2008; Ma et al. 2004; Ma and Gustafson 2006 al. Salmon et al. 2005; Shaked et al. 2001; Song et al. 1995) . Sequence restructuring, therefore, seems to be a widespread phenomenon associated with newly formed polyploids (Leitch and Bennett 2004) . The exception to genome downsizing was reported in cotton (Gossypium) polyploids (Liu et al. 2001) where genomic changes were not detected by AFLP, although a reduction in C-DNA values was observed when these polyploids where compared with parental genomes (Bennett 1977; Bin and Kadir 1976) .
Genome rearrangement frequencies in triticale depend on sequence types and wheat ploidy levels
Sequence rearrangements are not restricted to repetitive and noncoding sequences, as coding sequences, regulatory elements, and promoter regions appear to also be affected by polyploidization (Bento et al. 2008; Ma et al. 2004; Tang et al. 2008) , although in different levels. In triticale, repetitive sequences were found to be more frequently rearranged than low-copy and coding sequences (Ma et al. 2004) . Published data indicated that 42%, 31%, and 22% of bands were lost from repetitive, low-copy, and coding sequences, respectively (values presented in Ma and Gustafson 2008) . Wheat-specific sequence rearrangements are also highly affected by the kind of sequence being analyzed. In octoploid and hexaploid triticale, the level of wheat-specific band loss varied, being approximately 25% and 46%, 7% and 15%, and 1.5% and 4% for repetitive, low-copy, and coding sequences, respectively (Table 2 ). In contrast with the marked differences of wheat-specific band losses, ryespecific bands appear to be lost at similar percentages independent of the type of sequence, ranging between 57.9% and 69.8% (Table 2) .
The data published by Ma et al. (2004) and Ma and Gustafson (2006) showed that the level of band loss in triticale was distinct for each parental genome (Table 2) . Triticale genotype analyses demonstrate that the level of rye parental genome band elimination is higher than the observed level for wheat genome. The maximum percent of wheat-specific band elimination was 47.4% (detected by AFLP in hexaploid triticale), whereas rye-specific band elimination ranged between 53.6% (detected in octoploid triticale by IRAP-REMAP-ISSR analyses) and 69.8% (detected in octoploid triticale by AFLP analysis). Differences between percentages of rye and wheat-specific band elimination in hexaploid triticales were 18.5% by AFLP analysis and 62.6% in octoploid triticale by RFLP analysis. Gill (1991) suggested that the rye paternal genome being exposed to the adverse environment of maternal wheat cytoplasm in newly formed hybrids could explain its preferential restructuring in triticale. Ma and Gustafson (2008) also suggested that the instability of rye-wheat hybrids may be due to nuclear-cytoplasmatic interactions. However, the Triticeae studies of Dong et al. (2005) and Shaked et al. (2001) contradict the paternal preferential elimination hypothesis, as maternal genome elimination was observed in synthetic wheat (Table 3) . When Aegilops speltoides was crossed as female and as male in a study designed to ascertain the effects of cytoplasm on the pattern and rate of sequence elimination, no cytoplasm effects were detected .
On the other hand, as triticale results from an intergeneric hybridization between a polyploid (wheat) and a diploid species (rye), we can consider that wheat has already been subject to genetic and (or) epigenetic modifications during its evolution, thus being more adapted to the polyploidy condition than rye genome. A detailed analysis of data presented in Table 2 reveals a plausible correlation between genome rearrangement percentages and wheat ploidy levels. However, such correlations were absent in the cross between T. turgidum and Ae. tauschii (using enzymes not sensible to methylation), as more genome modifications were detected in the maternal tetraploid genome than in the paternal diploid genome (Table 3) .
A higher global genome variation was observed in hexaploid (40%) than in octoploid triticale (~30%) (Ma and Gustafson 2008) , reinforcing previous data (Boyko et al. 1984) showing that DNA content reduction was also higher in hexaploid than in octoploid triticale (28%-30% and 9%, respectively). Although the elimination level of rye-specific bands appears similar both in hexaploid and octoploid triticale, the elimination rate of wheat-specific bands is much higher in hexaploid triticale (for details see Table 2 ). The mean elimination rate of wheat-specific repetitive sequences in hexaploid triticale was 45% and 25% in octoploid triticale, Table 5 . Number and percentage (in parentheses) of bands lost before and after chromosome doubling detected by (Shaked et al. 2001) revealing a higher buffering capacity of hexaploid wheat genome to avoid large numbers of sequence rearrangements in triticale. Such correlations between parental ploidy level and genome alteration rate have not been established in other species such as cotton and wheat (Aegilops Â Triticum) polyploids (Liu et al. 1998; Ozkan et al. 2001) .
The results indicate that each triticale parental genome is subjected to distinct regulatory systems. In the wheat-origin genome, each type of sequence seems to have different relevancies in genome adaptation through polyploidization, and the elimination of different sequences is apparently controlled accordingly. Contrastingly, the rye-origin genome appears to be highly restructured upon polyploidization independently of sequence type considered.
Parental genomes are differently restructured during hybridization and polyploidization
The data obtained for two hexaploid and two octoploid triticales, their respective parental lines, and their correspondent F 1 hybrids (Ma and Gustafson 2006) clearly demonstrated the occurrence of two major stages of restructuring events. First during the formation of the wide hybrid, followed by a second after chromosome doubling of the hybrid. The reanalyzed results are summarized in Table 4 , revealing during the first stage an immediate and drastic response to hybridization, whereas in the second stage a continuous process of changes occurring at a slower rate (Ma and Gustafson 2006) . Similar results, presented in Table 5 , were described by Shaked et al. (2001) in Aegilops Â Aegilops and Aegilops Â Triticum crosses and also reported in Aegilops Â Triticum and Spartina F 1 hybrids, although not so pronounced Salmon et al. 2005) .
The enhanced modification levels observed when rye genome interacts either with hexaploid or tetraploid wheat genomes appears to be mainly the result of adjustments occurring immediately after hybridization. Curiously, the rate of band elimination observed after F 1 hybrid chromosome doubling is very similar for wheat and rye repetitive sequences, ranging between 12% and 17%, for most triticales except one hybrid analyzed by Ma and Gustafson (2006) in which the level of wheat repetitive bands lost was almost 25%. Moreover, Ma and Gustafson (2006) noted in two sets of wheat-rye hybrids that hexaploid wheat repetitive sequences had a higher buffer capacity and less changes in comparison with tetraploid wheat genome (24.8% and 25.2% versus 44% and 47.4%, respectively).
In all wheat-rye F 1 hybrids and correspondent triticale studied (Ma and Gustafson 2006) , a preferential elimination of bands associated to repetitive rather than low-copy se- Table 6 . Parental genome preferential restructuring in Triticeae polyploid systems. Kidd et al. 1987. quences was observed concerning the wheat parental genome. Conversely, rye-origin repetitive and low-copy sequences were altered in similar level in the hybrid and after chromosome doubling. Therefore, it is clear that bands associated with coding sequences are comparatively more eliminated in rye than in wheat. Such preferential genome elimination can drastically reduce homeologues gene copies avoiding gene redundancy, favoring a ''diploid'' behavior and further polyploid stabilization, as proposed (Feldman et al. 1997) .
Size matters in triticale genome rearrangements: larger genomes are more affected
As described earlier, major genomic restructuring events were identified in triticale at higher percentages than in any other polyploid studied, which affected variation in repetitive, low-copy, and coding sequences present in the genome. Analysis of triticale confirmed early suggestions on the mechanisms involved in polyploidization adjustment, but also revealed new concerns. The idea that sequence elimination is a major event involved in the stabilization of newly formed polyploids was reinforced by the results reviewed, as the overall number of sequences lost confirmed previous descriptions on genome size decrease in triticale (Boyko et al. 1984) . In the studies of Ozkan et al. (2003) and Eilam et al. (2008) an extensive list of genome downsizing examples in Aegilops Â Triticum hybrid genotypes was presented. Moreover, it was recently shown that the absence of ryeorigin bands in wheat-rye hybrid genotypes resulted from sequence elimination rather than from changes to primer annealing sites (Bento et al. 2010) .
The higher degree of paternal genome elimination observed in triticale is not the general rule that has been observed in other newly formed polyploids. In Table 6 , preferential parental genome elimination is presented for some Triticeae polyploids, showing that the maternal genome can also show preferential sequence elimination, contradicting the hypothesis of Gill (1991) . The results compiled clearly demonstrated that the genome suffering more modifications during polyploidization was always the larger one (comparing DNA contents per haploid genome), independently of their maternal or the paternal status. Thus, the results collected in this review clearly point out, for the first time, the tendency in cereal-wide hybridization for parental genome size homogenization, which preferentially affects the larger genome to stabilize the newly formed polyploid species. Large scale rearrangement events are also observed resulting from the loss of telomeric heterochromatin, a mechanism used to obtain a more balanced nucleotype in triticale (Jouve et al. 1989) . Bernardo et al. (1988) demonstrated a clear negative effect of rye heterochromatin on triticale meiotic pairing and that the loss of telomeric heterochromatic blocks are related to yield increase in hexaploid triticale . This phenomenon can be the outcome of the relation between nuclear DNA content and the speed of DNA replication (Francis et al. 2008) . In fact, the larger parental genome in a hybrid nucleus may not be able to complete the cell cycle by the time of telophase and (or) cell wall formation, thus inducing DNA elimination through breakage-fusion bridges as previously observed in the early endosperm development of wheat-rye hybrids Gustafson and Bennett 1982) . Moreover, those sequence elimination events will certainly preferentially affect late replication repetitive fractions of the genome, namely the dense rye heterochromatic subtelomeric domains (Bennett 1977; Neves et al. 1997) .
That hypothesis is reinforced by the effect of DNA C-values in cell cycle duration on correlations between DNA amount, nuclear volume, and cell cycle length in angiosperms ( Van't Hof and Sparrow 1963) and in triticale (Kaltsikes 1971; Bennett and Kaltsikes 1973) . Recently, the analysis of cell cycle duration in 110 monocots and eudicots species were plotted against the respective nuclear DNA C-values (Francis et al. 2008) , and a highly significant regression was observed for all species analyzed, independently of their ploidy level. However, Kidd et al. (1987) presented values for hexaploid triticale in comparison with parental species (Table 7) and surprisingly demonstrated that, although polyploidization leads to an increase on genome size, cell cycle time (CCT) values are constant for progenitors and the polyploid species. They also showed the maintenance of stable cell cycle lengths in hexaploid wheat where the parental CCT values are 11.4 h in Ae. tauschii, and ranged from 11.0 h to 13.9 h in T. turgidum, but doesn't exceed 14.0 h in the allopolyploid T. aestivum. The clear correlation between nuclear DNA amounts and cell cycle length appears to be associated with genome heterochromatic fraction dimension (reviewed in Redi et al. 2001 ) and with the speed of DNA replication (Francis et al. 2008) . This is where genome restructuring meets epigenetic remodeling of parental genomes allocated to the same nuclear background. In fact, more than just genome rearrangements are necessary for the adjustment of both parental genomes following polyploidization, chromatin remodeling also mediates required changes when two species share a common hybrid nucleus. Viegas et al. (2002) proposed a model explaining chromatin-imprinting control of nucleolar dominance in polyploid species, based on the importance of genome size in such interactions. With the Viegas et al. (2002) model, differences in genome size owing to repetitive DNA sequence variation allocated in heterochromatin domains should induce the need for greater elimination events in the larger rye genome, to properly ''accommodate'' in the hybrid nucleus. Following such hypothesis, more intimate associations between heterochromatic domains should also occur, modifying expression patterns of neighboring genes. Epigenetic functional fine tuning of parental genomes together with preferential rearrangements of the larger parental genome will, therefore, certainly assist polyploid genome downsizing. Genetic and epigenetic modifications seem, therefore, crucial to establish the diploid-like behavior and speciation of polyploid genomes, as proposed by Ma and Gustafson (2005) .
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